Background: Changes in integrin ␣ IIb ␤ 3 binding affinity occur in strongly stimulated platelets. Results: Platelet mitochondrial permeability transition pore formation enhances calpain activity, which leads to integrin ␤ 3 -associated proteolytic cleavage and integrin inactivation. Conclusion: Mitochondrially mediated integrin ␣ IIb ␤ 3 inactivation limits platelet aggregation and thrombus growth. Significance: Modulation of this pathway may offer a novel alternative for the prevention of thrombosis.
When platelets are strongly stimulated, a procoagulant platelet subpopulation is formed that is characterized by phosphatidylserine (PS) exposure and epitope modulation of integrin ␣ IIb ␤ 3 or a loss of binding of activation-dependent antibodies. Mitochondrial permeability transition pore (mPTP) formation, which is essential for the formation of procoagulant platelets, is impaired in the absence of cyclophilin D (CypD). Here we investigate the mechanisms responsible for these procoagulant plateletassociated changes in integrin ␣ IIb ␤ 3 and the physiologic role of procoagulant platelet formation in the regulation of platelet aggregation. Among strongly stimulated adherent platelets, integrin ␣ IIb ␤ 3 epitope changes, mPTP formation, PS exposure, and platelet rounding were closely associated. Furthermore, platelet mPTP formation resulted in a decreased ability to recruit additional platelets. In the absence of CypD, integrin ␣ IIb ␤ 3 function was accentuated in both static and flow conditions, and, in vivo, a prothrombotic phenotype occurred in mice with a plateletspecific deficiency of CypD. CypD-dependent proteolytic events, including cleavage of the integrin ␤ 3 cytoplasmic domain, coincided closely with integrin ␣ IIb ␤ 3 inactivation. Calpain inhibition blocked integrin ␤ 3 cleavage and inactivation but not mPTP formation or PS exposure, indicating that integrin inactivation and PS exposure are mediated by distinct pathways subsequent to mPTP formation. mPTP-dependent alkalinization occurred in procoagulant platelets, suggesting a possible alternative mechanism for enhancement of calpain activity in procoagulant platelets. Together, these results indicate that, in strongly stimulated platelets, mPTP formation initiates the calpain-dependent cleavage of integrin ␤ 3 and associated regulatory proteins, resulting in integrin ␣ IIb ␤ 3 inactivation, and demonstrate a novel CypD-dependent negative feedback mechanism that limits platelet aggregation and thrombotic occlusion.
Upon activation, platelets change shape, release granules, and firmly adhere and aggregate through activation of the adhesive receptor integrin ␣ IIb ␤ 3 . In strongly stimulating conditions, additional morphologic and functional changes occur in a subpopulation of activated platelets. These platelets, to which we refer here as procoagulant platelets, vesiculate, expose high levels of PS 2 , and retain high amounts of ␣-granule proteins (1-3). Other names for this platelet subpopulation have included COAT (3), coated (4), balloon-like (5, 6), sustained calcium-induced platelet morphology (SCiP) (7) , and highly activated platelets (8) . Conditions that generate procoagulant platelets in vitro include adherence to collagen (5) , stimulation with thrombin plus collagen (3), adherence to von Willebrand factor, particularly in the presence of the soluble agonists ADP or thrombin (7, 9, 10) , and high shear stress (11) .
In addition to these procoagulant and morphologic changes, alterations in integrin ␣ IIb ␤ 3 also occur in the procoagulant platelet subpopulation (1, 7, 12, 13) . When activation-dependent antibodies such as PAC-1 or JON/A are used to interrogate the activation state of integrin ␣ IIb ␤ 3 after strong stimulation, these antibodies bind transiently. However, minutes after this initial activation, these activation-dependent epitopes are almost absent on the procoagulant platelet subpopulation. In contrast, the binding of antibodies to other extracellular integrin ␣ IIb ␤ 3 epitopes is unperturbed (1, 7, 12, 13) . This integrin ␣ IIb ␤ 3 epitope modulation has alternatively been proposed to reflect either epitope inaccessibility because of ␣-granule protein retention (1) or a conformational change in integrin ␣ IIb ␤ 3 associated with loss of function (7, 14) .
Mitochondrial permeability transition pore (mPTP) formation regulates procoagulant platelet formation (8, 15) . The mPTP is an inducible inner mitochondrial membrane pore, the formation of which regulates necrotic cell death (16) . A key regulator of mPTP formation is the mitochondrially localized peptidylprolylisomerase cyclophilin D (CypD), and in the * This work was supported, in whole or in part, by National Institutes of Health absence of CypD, mPTP formation in response to calcium and oxidative stress is inhibited (17) . In CypD-null platelets, agonist-induced mPTP formation, procoagulant platelet generation, and integrin ␣ IIb ␤ 3 epitope modulation are abrogated (8) .
Another potentially important regulator of integrin ␣ IIb ␤ 3 function in procoagulant platelets is calpain. However, the role of calpain in the regulation of integrin function remains controversial. Calpain activation has alternatively been proposed to activate integrin through talin cleavage (18) , to increase outside-in signaling through distal cleavage of the integrin ␤ 3 cytoplasmic tail (19) , and to disrupt inside-out mediated conformational changes in integrin ␣ IIb ␤ 3 through proximal cleavage of the integrin ␤ 3 cytoplasmic tail (19, 20) .
Here we investigate the mechanisms regulating platelet integrin ␣ IIb ␤ 3 epitope modulation and its functional role in the regulation of platelet activation. Studies are also performed investigating the coordination of mPTP formation and calpain activation in procoagulant platelets. In strongly stimulated platelets, mPTP formation is shown to increase intracellular pH and enhance calpain-dependent cleavage of both talin and the cytoplasmic tail of integrin ␤ 3 . These cleavage events are demonstrated to be closely associated with both integrin ␣ IIb ␤ 3 epitope modulation and down-regulation of integrin ␣ IIb ␤ 3 activity. Finally, using mice with platelet-specific deficiency of CypD, a role for platelet mPTP formation in limiting thrombotic occlusion in vivo is demonstrated conclusively. ) cross. ␤-actin-GFP transgenic mice (C57BL/6) were provided by Dr. David Archer (Emory University). All animal protocols were approved by the Emory University Institutional Animal Care and Use Committee under National Institutes of Health guidelines. Mice were housed in pathogen-free conditions at Emory University.
EXPERIMENTAL PROCEDURES
Preparation of Washed Platelets-Murine blood was collected in acid citrate dextrose anticoagulant or as indicated below. Washed platelets were isolated as described previously and resuspended in modified Tyrode buffer (134 mM NaCl, 2.9 mM KCl, 12 mM NaHCO 3 , 20 mM HEPES, 1 mM MgCl 2 , 0.34 mM Na 2 HPO 4 , and 5 mM glucose (pH 7.35)) for at least 20 min at room temperature before experiments (21) .
Microfluidic Chamber Fabrication and Protein PatterningPolydimethylsiloxane microfluidic chamber fabrication and collagen patterning were performed as described previously (22) . In brief, a dry clean photoresist wafer was silanized with tridecaflouro-1,1,2,2-tetrahydrooctyl (Gelest Inc.) before fabrication. The Sylgard 184 silicone elastomer base and curing agent (Dow Corning) were mixed at 10:1 (v/v) and cured at 80°C for 2 h. Prior to the experiment, the fibrillar type I collagen (250 g/ml, Chrono-log Corp.) or fibrinogen (100 g/ml, catalog no. F3879, Sigma) was immobilized on an acid-pretreated glass slide (catalog no. 2947, Corning) or cover slide (catalog no. 2940, Corning) for 1 h at room temperature. Then the chamber and patterned cover slide were blocked in HEPESbuffered saline (pH 7.4) with 3% BSA for another hour right before use.
Fluorescence Microscopy of Adherent Platelets-Washed platelets (1 ϫ 10 9 /ml) in modified Tyrode buffer containing 2 mM CaCl 2 were allowed to adhere on a fibrinogen-coated (100 g/ml) cover slide for 20 min in a polydimethylsiloxane microfluidic chamber. After removal of non-adherent platelets, PE-JON/A (catalog no. M023-2, Emfret Analytics), tetramethyl-rhodaminemethyl ester (TMRM, Invitrogen), or annexin V (Alexa Fluor 647-conjugated, Invitrogen) were preincubated with the adherent platelets for 10 min with or without pharmacologic inhibitors (i.e. MDL27180). Platelets were then stimulated with the indicated agonists, either thrombin (Hematologic Technologies) or convulxin (CenterChem, Inc.). Fluorescence and platelet morphology were visualized in real time using a Nikon eclipse Ti inverted microscope (Nikon Instruments Inc.) equipped with a high-resolution Cool Snap HQ2 camera (Photometrics) under a ϫ60 differential interference contrast objective. Images were recorded for off-line analysis using Nikon NIS Elements AR3.2 software.
Platelet Aggregation Assay-Washed platelets (45 l, 1 ϫ 10 9 /ml) in a 96-well half-area plate (COSTAR) were incubated for 5 min in a microplate reader (Spectra Max Plus 384, Molecular Devices) at 37°C before the addition of agonists and CaCl 2 . Measurements of optical density were performed at 500 nm every 15 s with mixing between every two readings.
Platelet Adhesion in Flow Conditions-To assess platelet recruitment, fibrinogen-adherent platelets were labeled with TMRM (0.1 M) for 10 min and washed with mTyrode buffer. The adherent platelets were stimulated with thrombin (0.5 units/ml, Hematologic Technologies) and convulxin (100 ng/ml) for 5 min. After washing to remove these agonists, recalcified citrate/corn trypsin inhibitor (CTI)/apyrase-treated whole blood from ␤-actin-GFP transgenic mice was perfused over the pretreated platelets for 5 min at a 100 s Ϫ1 shear rate. Recruitment of GFP-expressing platelets by TMRM(ϩ) platelets and TMRM(-) platelets was determined. For perfusion experiments at arterial shear rates (1500 s Ϫ1 ), murine whole blood was collected in 3.2% citrate with 50 g/ml corn trypsin inhibitor (CTI, Fisher Scientific) and 0.5 units/ml apyrase and then preincubated with 1 g/ml of PE-CD41 (eBioscience) for 10 min. Upon recalcification (2 mM CaCl 2 ), the blood was immediately perfused in a microfluidics system across the collagen strip, and platelet accumulation was monitored continuously.
Mesenteric Arterial Thrombus Formation-Six-to eight-weekold littermate mice (F1 progeny of a PF4-Cre 
/Ppid
tm1MmosϪ/Ϫ (CypD pltϪ/Ϫ ) cross) were anesthetized with ketamine/xylazine, and the mesenteric vasculature was exteriorized. A fluorescently labeled anti-GP1b antibody (1 mg/kg, catalog no. X488, Emfret Analytics) and Rose Bengal (20 mg/kg, catalog no. 330000, Sigma) were injected retro-orbitally in 100 l Tyrodes. Endothelial injury was initiated within 5 min of injection by exposing the tissue to TRITC bandwidth-filtered light at maximal intensity for 30 s. The FITC filter was then selected, and platelet accumulation and flow within the mesenteric vessel were visualized with continuous recording for a maximum of 30 min and analyzed using the NIS Elements software (Nikon). Videos were subsequently analyzed and the time of initial platelet adherence, start of thrombus embolization, and time of stable occlusion were determined (supplemental Fig. 1 ). Stable occlusion was defined as the absence of observed flow for a minimum of 5 min, a time point after which no recanalization was ever observed. The genotype remained blinded until video analysis was complete.
Tail Bleeding-Tails of anesthetized adult mice were transected 3 mm from the distal end and immediately placed into 37°C prewarmed saline for 10 min. Time to cessation of bleeding and any rebleeding were recorded.
Western Blot Analysis-After preincubation with or without the indicated inhibitors, washed platelets (1 ϫ 10 9 /ml) were treated with the indicated agonists for 5 min at 37°C with shaking. Platelets were then lysed at 4°C in cell lysis buffer (catalog no. 9803, Cell Signaling Technology) with protease inhibitor mixture (Roche) and phenylmethanesulfonyl fluoride (1 mM, Sigma). Equal amounts of platelet lysate were run on a 10% SDS-PAGE gel (Bio-Rad). The target protein was evaluated by Western blot analysis using anti-integrin ␤ 3 C-terminal antibody (catalog no. sc6626, Santa Cruz Biotechnology), N-terminal antibody (catalog no. sc6627, Santa Cruz Biotechnology), and anti-talin antibody (catalog no. sc15336, Santa Cruz Biotechnology). Images were collected using the Odyssey infrared imaging system (LI-COR), and blot intensity was analyzed by Quantity One software (Bio-Rad).
Determination of Platelet Intracellular pH (pH i )-1 ϫ 10 6 /ml washed platelets suspended in PBS and the non-ionic detergent Pluronic F-127 (5 M, catalog no. P6866, Invitrogen) were incubated with the cell-permeant fluorescent pH indicator carboxyl seminaphtharhodafluor, acetoxymethyl ester, acetate 1 (SNARF-1 AM (5 M, catalog no. C-1272, Invitrogen) for 30 min at 37°C and then washed and resuspended in PBS. For in situ calibration of pH i , dye-loaded platelets were resuspended in PBS (pH 6.9 -8.2) and treated with the ionophore nigericin (2 g/ml, catalog no. N-1495, Invitrogen) in the presence of 140 mM K ϩ to equilibrate the intracellular pH with the extracellular medium. For pH i determination, platelets were resuspended in Tyrodes and stimulated in the presence of the indicated agonist for 5 min. pH i was determined by the ratio of fluorescence intensities at 640 nm and 580 nm using flow cytometry.
Statistical Analysis-Results are presented as mean Ϯ S.E. The statistical significance between two groups was determined by Student's t test (SPSS, Sigma). For in vivo thrombosis experiments, a Mann-Whitney U test was utilized.
RESULTS

Dependence of Platelet Shape Change and Integrin
Epitope Modulation on mPTP Formation-Integrin ␣ IIb ␤ 3 epitope modulation has been described primarily in flow cytometry experiments (1, 12, 13) or in fixed platelets (7) at discrete time points. To allow uninterrupted visualization of procoagulant platelet formation and assess the coordination of adhesive and mitochondrial events, fibrinogen-adherent platelets were observed continuously following stimulation with thrombin and convulxin (Thr/Cvx). This agonist combination was chosen because it is particularly effective in generating procoagulant platelets (13) . Within 1 min of stimulation, lamellipodia and filipodia formation occurred, associated with an increase in platelet diameter and JON/A binding (Fig. 1, A-C) . Subsequently, in a platelet subpopulation, the previously extended lamellipodia and filipodia retracted, and the platelets assumed a rounded morphology that correlated with a decrease in platelet diameter and a decrease in JON/A binding (Fig. 1, A and B, and supplemental Fig. 2, B and C) . Platelet rounding, decreased JON/A binding, and PS exposure were associated both in individual platelets and temporally (Fig. 1, A-C , and supplemental Fig. 2A) . In contrast to the decreased binding of the activation-dependent epitope JON/A, no decrease was noted in the expression levels of non-activation-dependent integrin ␣ IIb ␤ 3 epitopes (supplemental Fig. 2, B and C) .
TMRM is a ⌬ m -sensitive cationic dye that labels intact and metabolically active mitochondria. Evaluation of mitochondrial transmembrane potential (⌬ m ) using TMRM revealed that platelet rounding was associated with loss of ⌬ m (Fig. 1, D and E). Consistent with the central role of mPTP in procoagulant platelet formation (8) , platelet rounding, integrin ␣ IIb ␤ 3 epitope modulation, and PS exposure were all markedly abrogated in the absence of CypD (Fig. 1, B -E, and supplemental Fig. 2A , ii) . Together, these results clearly demonstrate the close association of procoagulant platelet rounding with integrin ␣ IIb ␤ 3 epitope modulation and loss of ⌬ m and their dependence on the mPTP regulatory protein CypD.
Mitochondrially Dependent Events Limit Platelet Aggregation and Adhesion-To more directly ascertain the relationship of these changes in morphology and ⌬ m with integrin ␣ IIb ␤ 3 function, platelet adherence to TMRM-labeled platelets was assessed in a platelet recruitment assay ( Fig. 2A and supplemental Fig. 3A) . Whole blood from a GFP transgenic mouse was perfused over a mixed population of adherent TMRM(ϩ) and TMRM(-) platelets generated by prior stimulation with Thr/ Cvx. In these conditions, stable recruitment of perfused GFP(ϩ) platelets was decreased significantly (6-fold) in platelets that had lost ⌬ m (TMRM(-)) relative to TMRM(ϩ) platelets. These results demonstrate the close association of mitochondrial depolarization with a decreased ability to maintain stable platelet-platelet contacts in flow conditions. Next, the role of mPTP-dependent events in regulating integrin ␣ IIb ␤ 3 function was assessed in a platelet aggregation assay ( Fig. 2B and supplemental Fig. 3B ). When platelets were stimulated with either thrombin or convulxin alone, aggregation progressed rapidly to a maximal amplitude. However, strongly stimulating conditions (Thr/Cvx) resulted in a significantly different pattern of aggregation. Initially, aggregation progressed smoothly. However, after 3-4 min, aggregation slowed, and a chaotic pattern consistent with intermittent disaggregation was observed. In CypD Ϫ/Ϫ platelets, this pattern of disaggregation was not observed (Fig. 2B, right panel) . These results indicate that, in strongly stimulating conditions, a CypD-mediated event limits platelet aggregation.
The adherence and accumulation of CypD ϩ/ϩ and CypD (1500 s
Ϫ1
) in recalcified whole blood (Figs. 2, C and D, and 5E ). Relative to CypD ϩ/ϩ blood, platelet accumulation was markedly increased when CypD Ϫ/Ϫ blood was perfused. Platelet accumulation was blocked by JON/A in both CypD ϩ/ϩ and CypD Ϫ/Ϫ whole blood, demonstrating the dependence of the observed platelet accumulation on activated integrin ␣ IIb ␤ 3 . Taken together, these results comparing the adhesive and aggregatory properties of CypD ϩ/ϩ and CypD Ϫ/Ϫ platelets demonstrate that CypD-dependent mPTP formation limits platelet adhesion and aggregation in static and flow conditions. Furthermore, these results demonstrate the close association of integrin ␣ IIb ␤ 3 epitope modulation in procoagulant platelets with decreased integrin ␣ IIb ␤ 3 function or secondary integrin ␣ IIb ␤ 3 inactivation.
Accelerated Thrombosis in Mice with Megakaryocyte/Platelet
Deficiency of CypD-The physiologic role of CypD-mediated events in platelets, including integrin ␣ IIb ␤ 3 inactivation, was evaluated in vivo. CypD is a ubiquitously expressed protein (16) . Because our previous in vivo experiments evaluating the role of CypD in thrombosis were performed in mice with germ line deletion of CypD (8) , the absence of CypD in endothelial cells or other blood cell components associated with the forming thrombus may have contributed to the observed defect. As in the carotid artery (8), a prothrombotic phenotype was noted in CypD Ϫ/Ϫ mice relative to CypD ϩ/ϩ mice in the smaller caliber mesenteric artery (supplemental Fig. 4) . To directly evaluate the in vivo effects of mPTP dysfunction within the platelet lineage, mice with a megakaryocyte/platelet-specific deficiency of ϩ/ϩ and CypD Ϫ/Ϫ platelets stimulated with Thr/Cvx. Platelet diameter was quantified relative to initial diameter. Up to 500 platelet diameters were counted in each condition. TMRM-positive platelets were quantified relative to the number present immediately prior to stimulation. JON/Aϩ platelets were quantified relative to peak levels (1 min after stimulation). E, platelet morphology and TMRM fluorescence were assessed at the indicated time points in Thr/Cvx-stimulated CypD ϩ/ϩ and CypD Ϫ/Ϫ platelets. Arrows point to rounded platelets. Scale bar ϭ 5 m. *, p Ͻ 0.05. n ϭ 3-6 mice in each experiment. The dashed line connecting two asterisks indicates same significance level in between these observations. CypD (CypD pltϪ/Ϫ ) were generated. Absent CypD expression and impaired procoagulant formation were confirmed in CypD pltϪ/Ϫ mice. As no difference was noted in procoagulant platelet formation or integrin inactivation between wild-type CypD pltϩ/ϩ and heterozygote CypD pltϩ/Ϫ mice 3 , CypD pltϩ/Ϫ and CypD pltϪ/Ϫ mice were compared in in vivo studies. In comparison with CypD pltϩ/Ϫ mice, in which integrin inactivation is unimpaired, CypD pltϪ/Ϫ mice had a markedly shortened time to stable occlusion in a model of arterial thrombosis, and complete arterial occlusion was increased (Fig. 3A) . There was no observed difference in the timing of initial platelet adherence. 4 As was seen in CypD Ϫ/Ϫ mice (8), no significant difference was noted in the tail bleeding time of CypD pltϩ/Ϫ and CypD pltϪ/Ϫ mice (Fig. 3B) . These in vivo results demonstrating the platelet-intrinsic effects of CypD deletion, together with the in vitro results demonstrating the importance of CypD in the negative regulation of integrin ␣ IIb ␤ 3 function, strongly point to mPTP-mediated integrin ␣ IIb ␤ 3 inactivation and procoagulant platelet formation as a critical negative determinant limiting platelet aggregation and thrombus formation.
Calpain-mediated Cleavage of the Cytoplasmic Domain of Integrin ␤ 3 Is Dependent on CypD-Cleavage of the cytoplasmic tail of integrin ␤ 3 and associated cytoskeletal components occurs following platelet activation (23, 24) . We examined whether these cleavage events could account for integrin ␣ IIb ␤ 3 inactivation in strongly stimulated platelets. Cleavage of integrin ␤ 3 and talin were assessed simultaneously by Western blot analysis using their respective antibodies. In strongly stimulated platelets (Thr/Cvx or Thr/ionomycin) but not in platelets stimulated with either thrombin or convulxin alone, ϳ50% of both talin and integrin ␤ 3 were cleaved within 5 min (Fig. 4, A and B, and supplemental Fig. 5 ). In strongly stimulated platelets, a low molecular weight band consistent in size with the talin head domain appeared coincident with loss of full-length talin, and interrogation of integrin ␤ 3 using an antibody directed against the C-terminal cytoplasmic tail (C-20) demonstrated decreased binding. That this decreased binding was due to removal of the cytoplasmic tail from the full-length integrin ␤ 3 and not to loss of the integrin ␤ 3 protein was demonstrated by the persistent binding of an antibody directed against the integrin ␤ 3 extracellular domain (N-20) (Fig. 4C) . The association of these cleavage events with integrin ␣ IIb ␤ 3 inactivation and their dependence on mPTP formation was examined. Both talin and integrin ␤ 3 cleavage were abrogated in CypD Ϫ/Ϫ platelets, demonstrating the mutual importance of mPTP formation in mediating both these cleavage events (Fig. 4 and supplemental Fig. 5 ) and integrin ␣ IIb ␤ 3 inactivation. Because CypD primarily acts to potentiate the calcium sensitivity of the mPTP (25) , stimulation with high concentrations of the calcium ionophore ionomycin can initiate mPTP formation and subsequent PS exposure even in the absence of CypD (26) . Similarly, ionomycin stimulation bypassed the inhibitory effect of the absence of CypD on talin and integrin ␤ 3 cleavage (Fig. 4 , A and B, and supplemental Fig. 5 ). Procoagulant platelet formation recapitulates many events that occur in apoptotic and necrotic cells (27) , where important mediators of proteolytic cleavage events include calpain and caspases. In strongly stimulated platelets, pharmacologic inhibition of calpain blocked integrin ␤ 3 and talin cleavage in both Thr/Cvx and Thr/ionomycin-stimulated platelets. In contrast, the pan-caspase inhibitor Q-VD-Oph (QVD) had no effect (Fig. 4, A and B , and supplemental Fig. 5 ). Finally, integrin ␤ 3 cleavage was temporally associated with integrin ␣ IIb ␤ 3 inactivation. Significant cleavage was first observed 3 min following agonist stimulation and was complete by 10 min (Fig. 4D) .
Calpain Acts Downstream of mPTP Formation to Mediate Secondary
Integrin ␣ IIb ␤ 3 Inactivation-The involvement of calpain in ␤ 3 C terminus cleavage led us to more closely examine its role in the regulation of platelet integrin ␣ IIb ␤ 3 function. Pharmacologic inhibition of calpain blocked platelet rounding and integrin ␣ IIb ␤ 3 epitope modulation (Fig. 5, A-C) , a result consistent with the effects reported previously of calpain inhibition on sustained calcium-induced platelet morphology platelet formation (7) . Inhibition of calpain similarly eliminated the pattern of attenuated platelet aggregation that occurred in strongly stimulating conditions (Fig. 5D) . Furthermore, MDL treatment resulted in increased platelet accumulation in high shear conditions in CypD ϩ/ϩ blood (Fig. 5E) . No additive effect of MDL treatment was observed in CypD Ϫ/Ϫ platelets, consistent with inhibition of a common pathway.
To test whether calpain acts upstream or downstream of mPTP formation to regulate integrin ␣ IIb ␤ 3 inactivation, loss of ⌬ m and platelet shape change were observed simultaneously in MDL-treated platelets. MDL treatment had no effect on mPTP formation (Fig. 5, A and F) , and large numbers of spread platelets demonstrated loss of ⌬ m , which, in untreated platelets, is almost invariably associated with a rounded platelet morphology. PS exposure was similarly unaffected by calpain inhibition (Fig. 5F ). Together, these results demonstrate that calpain acts downstream of mPTP formation to mediate secondary integrin ␣ IIb ␤ 3 inactivation in platelets.
CypD-dependent Cytoplasmic Alkalinization Is Associated with Enhanced Calpain Activation and Integrin
2ϩ is a key regulator of calpain protease activation. However, as we demonstrated recently, Ca 2ϩ transients in CypD ϩ/ϩ and CypD Ϫ/Ϫ platelets are virtually indistinguishable (26) despite their markedly different levels of calpain activity as assessed by substrate cleavage. Because calpain activity can also be regulated by intracellular pH (pH i ) (28), the effect of agonist stimulation on platelet pH i was investigated using the cell-permeable pH-sensitive dye SNARF-1. A rapid and pronounced increase in intracellular pH i was noted following Thr/Cvx stimulation (7.32 Ϯ 0.07 to 7.92 Ϯ 0.09). Stimulation with thrombin resulted in a slight increase in pH i (7.51 Ϯ 0.10), as has been reported previously (Fig. 6A) (29) . Thr/Cvx-mediated cytoplasmic alkalinization was not observed in CypD Ϫ/Ϫ platelets or in human platelets treated with the cyclophilin inhibitor cyclosporine (2 M). 4 Because the overlapping fluorescence of PE-JON/A and SNARF-1 AM precluded their simultaneous use, the association of cytoplasmic alkalinization with integrin inactivation was assessed using human platelets and the activation-dependent integrin ␣ IIb ␤ 3 antibody PAC-1. In Thr/Cvxstimulated platelets, integrin inactivation (PAC-1-negative) and cytoplasmic alkalinization were closely associated (Fig. 6B ). These results demonstrate that, in strongly stimulated platelets, mPTP-dependent cytoplasmic alkalinization occurs and that this CypD-mediated change in pH i is closely associated with enhanced calpain activation and integrin inactivation.
DISCUSSION
Here we demonstrate a novel mitochondrial mechanism that initiates inactivation of integrin ␣ IIb ␤ 3 in strongly stimulated platelets and limits thrombus formation in vivo. In strongly stimulated platelets, CypD and mitochondrially mediated events initiate cytosolic alkalinization and enhanced calpain activation that results in proteolytic cleavage of the integrin ␤ 3 cytoplasmic domain, together with other integrin-regulatory proteins, and integrin ␣ IIb ␤ 3 inactivation. Abrogation of mitochondrially mediated calpain activation, both in CypD Ϫ/Ϫ platelets or using calpain inhibition, prevented secondary integrin ␣ IIb ␤ 3 inactivation and accentuated platelet aggregation. Finally, using platelet-specific CypD Ϫ/Ϫ mice, we directly demonstrate the physiologic importance of platelet-intrinsic mitochondrial events in limiting thrombus formation.
Previous studies have suggested that integrin ␣ IIb ␤ 3 epitope modulation might be a relevant functional characteristic of the procoagulant platelet (7, 8, 14, 24) , but various aspects of these studies have limited their applicability. Pharmacologic induction of a procoagulant platelet monolayer using ionomycin has been shown to result in a decreased ability to stably recruit platelets in flow conditions (7) . Impaired clot retraction has been demonstrated in conditions that favor procoagulant platelet formation (8, 24) . Furthermore, strongly stimulating conditions have been shown to result in blunted and slowed aggregation (14) . Limitations of these studies have included their correlative approach (7, 14) , the utilization of the pharmacologic agonist ionomycin (7, 24) , or, as in the case of clot retraction (8, 24) , the plausibility of other explanations apart from integrin inactivation. Because clot retraction is an energy-dependent event (30) , a decrease in mitochondrial ATP production caused by mPTP formation (16) could also account for the inhibition of clot retraction. Here, by utilizing CypD Ϫ/Ϫ plate- lets and direct assessment of integrin inactivation, we firmly establish that integrin ␣ IIb ␤ 3 epitope modulation in procoagulant platelets is indicative of inactivation of integrin ␣ IIb ␤ 3 . In strongly stimulated CypD ϩ/ϩ platelets, rounding and lamellipodal retraction occurred subsequent to initial platelet spreading. Platelet aggregation was disrupted, and platelet accumulation in flow conditions was blunted. These limiting responses, all consistent with functional inactivation of integrin ␣ IIb ␤ 3 , were impaired in CypD Ϫ/Ϫ platelets. Rounding and integrin ␣ IIb ␤ 3 inactivation were delayed, aggregation proceeded without disruption, and platelet accumulation and adherence were enhanced markedly.
These epitope and functional changes led us to more closely examine integrin ␣ IIb ␤ 3 in strongly stimulated platelets. Calpain-and CypD-dependent cleavage of both talin and the integrin ␤ 3 cytoplasmic tail were found to occur in strongly stimulated platelets within minutes of activation. Proteolytic cleavage of integrin ␤ 3 and talin were closely correlated with integrin ␣ IIb ␤ 3 inactivation, and these events were mutually abrogated in CypD Ϫ/Ϫ and calpain-inhibited platelets. However, the precise calpain-mediated event(s) resulting in integrin ␣ IIb ␤ 3 inactivation remains to be established. Besides integrin ␤ 3 and talin, kindlin 3 is cleaved in ionomycin-stimulated platelets (31) . Additionally, within integrin ␤ 3 , there are multiple potential calpain cleavage sites (19) . Truncation of integrin ␤ 3 at the more membrane distal site Tyr 759 selectively effects outside-in integrin signaling, whereas more membrane-proximal truncation disrupts integrin activation (19) . However, because calpain cleavage of integrin ␤ 3 both eliminates the ability of the talin head domain to activate ␣ IIb ␤ 3 in a purified system (20) and removes the kindlin 3 binding site (32) , proteolysis of integrin ␤ 3 is likely to contribute in some way to integrin ␣ IIb ␤ 3 inactivation in strongly stimulated platelets. mPTP formation is an important upstream mediator of both calpain-mediated secondary integrin ␣ IIb ␤ 3 inactivation and PS exposure (26) . In this as in other studies (33, 34) , PS exposure ϩ/ϩ and CypD Ϫ/Ϫ platelets in flow conditions. CTI/apyrasetreated whole blood was perfused at 1500 s over type I collagen in a microfluidics assay. Representative of n ϭ 3. F, effect of MDL treatment on mPTP formation and PS exposure in control and MDL-treated cells assessed using TMRM and annexin V, respectively. n ϭ 3 in each condition. FIGURE 6. CypD-dependent cytoplasmic alkalinization is associated with enhanced calpain activation and integrin ␣ Iib ␤ 3 inactivation. A and B, intracellular pH was measured by flow cytometry assay using SNARF-1 AM as a pH indicator. pH i was determined by the ratio of fluorescent emission at 640 nm and 580 nm. A, pH i was assessed in CypD ϩ/ϩ and CypD Ϫ/Ϫ platelets, respectively, after platelets were treated with the indicated agonists. n ϭ 4. *, p Ͻ 0.05 compared with unstimulated (Unstim.) platelets; #, p Ͻ 0.05 to relative to CypD ϩ/ϩ platelets. B, pH i and integrin ␣ IIb ␤ 3 activation in strongly stimulated platelets. PAC-1 was used to evaluate integrin ␣ IIb ␤ 3 in human platelets. The dark peak indicates PAC-1(-) platelets and the light gray peak PAC-1(ϩ) platelets. A pH i increase using the SNARF-1 AM indicator is associated with an increase in the 640/580 nm fluorescence ratio. The drawn gate encompasses the fluorescent ratio associated with a pH i of 7.2 (left panel) to 7.4 (right panel). n ϭ 3.
was unaffected by calpain inhibition. These results are consistent with two distinct pathways regulating events downstream of mPTP formation, one that initiates PS exposure and a second calpain-dependent pathway that initiates integrin ␣ IIb ␤ 3 inactivation and platelet rounding. The dependence of calpain activation on calcium is firmly established (35) . However, because cytoplasmic calcium fluxes do not differ in CypD ϩ/ϩ and CypD Ϫ/Ϫ platelets (26), differences in calcium flux alone cannot explain the activation of calpain subsequent to mPTP formation. One potential mechanism is that mitochondrial matrix contents released as a consequence of mPTP formation might further up-regulate calpain activity analogous to the effects of cytochrome c as a mediator of apoptosis (36) . pH i elevation has been demonstrated to enhance calpain activity (28) . Here we demonstrate the association of mPTP-mediated cytoplasmic alkalinization and integrin inactivation. A potential mechanism that could account for this alkalinization is equilibration of the alkalotic mitochondrial matrix (37) with the cytoplasm. Alternatively, activation of the Na ϩ /H ϩ exchanger could facilitate cytosolic alkalinization. Interestingly, multiple studies have suggested the involvement of Na ϩ /H ϩ exchanger activity in mediating procoagulant activity and, presumably, procoagulant platelet formation (38, 39) .
The prothrombotic effects of the absence of CypD on in vivo thrombosis have been demonstrated previously (8) . Whether this prothrombotic effect of the absence of CypD was intrinsic to the platelet could not be determined in those initial experiments because of the ubiquitous expression of CypD. Using mice with a platelet-specific deficiency of CypD, we conclusively demonstrate that CypD-mediated events intrinsic to the platelet limit thrombus formation in vivo. We propose that integrin ␣ IIb ␤ 3 inactivation is the primary CypD-mediated mechanism down-regulating thrombus formation in vivo. However, an alternative hypothesis is suggested by an in vivo study that demonstrated the formation of a fibrin cap on the formed thrombus in a laser-induced model (40) . Impaired PS exposure in CypD Ϫ/Ϫ platelets, by preventing formation of the limiting fibrin cap (41), might allow thrombus growth to proceed unabated.
Interestingly, the phenotype of CypD Ϫ/Ϫ and CypD pltϪ/Ϫ mice differs markedly from that of organisms with Scott syndrome in which a bleeding, not a prothrombotic phenotype, is observed (42) (43) (44) . This is despite their mutual abrogation of PS exposure in vitro. Loss of ⌬ m is unaffected in Scott syndrome, indicating that the effects of TMEM16F are mediated downstream of mPTP formation (45, 46) . Because different mPTPdependent pathways mediate PS exposure and integrin ␣ IIb ␤ 3 inactivation, it is likely that preservation of integrin ␣ IIb ␤ 3 inactivation in Scott syndrome is responsible for the observed bleeding defect. Future studies examining the in vivo effects of specific inhibition of each of the pathways downstream of CypD, namely PS exposure and integrin ␣ IIb ␤ 3 inactivation, would be expected to provide exciting new mechanistic insights. Together, the results presented here indicate the central role of platelet mPTP formation in regulating both integrin ␣ IIb ␤ 3 function and arterial thrombosis. Strongly stimulating conditions in which multiple soluble or adherent agonists are present promote mPTP formation and secondary integrin ␣ IIb ␤ 3 inactivation. Together, this dependence on strongly stimulating conditions and the prothrombotic effect of the absence of CypD suggest that CypD-dependent integrin ␣ IIb ␤ 3 inactivation could act as a negative feedback mechanism limiting thrombus growth in vivo. Interestingly, use of the cyclophilin D inhibitor, cyclosporine, is associated with thrombotic complications (47) . Modulation of procoagulant platelet formation and integrin ␣ IIb ␤ 3 function using agents that favor mPTP formation may offer a novel alternative for the prevention of thrombosis.
